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Abstract

We report on very accurate magnetic measurements on large rare earth orthoferrites single
crystals of ErFeO3 and NdFeO3. Our results show that the interaction between rare earth and
iron spin system does not change during the spin-flip process. This implies that the coupling
between the iron and rare earth spin systems is robust enough to withstand the effects of spin
flipping against the magnetic anisotropy energy. This is despite rare eath ions, polarized by the
ordered iron ions, being in partly metastable state and their magnetic moment decays with time.
Introduction
Since 1950’s when Forestier and Guit-Guillaind first time found the rare earth orthoferrites
materials RMO3 (R and M represents a trivalent rare-earth ion and transition metals (Fe, Co,
Ni), respectively), these materials attracted attention from many researchers due to their
remarkable magnetic and optical features [1-4]. The magnetic properties and phase transition
of rare earth orthoferrites RFeO3 such as spin reorientation (SR), canted antiferromagnetism
(AFM), net ferromagnetism (FM) and ordering of the R3+ moment at low temperature have been
studied considerably[5-12]. The magnetic moment for single crystal samples ErFeO3 and
NdFeO3 have been studied before [13,14]. Although Nd3+ and Er3+

ions order

antiferromagnetically only at low temperatures (𝑇NNd =1.25 K, 𝑇NEr = 4.4 K) [15], they still have
a key role in magnetic properties in the whole system above these temperatures. This is because
the net magnetic moment of the ordered Fe+3 ions can polarize R3+ ions at temperature T > 𝑇NR
[5,9], giving them a non-zero net magnetic moment. There is relatively strong coupling between
the partially polarized R3+ and Fe3+ spins. Therefore, the interaction between R3+ and Fe3+ ions

at different temperatures can play a key role in magnetic transitions for RFeO3[16]. Reports
show there is an abrupt jump of the overall magnetic moment with cooling, spin-flip, which is
in addition to more frequently studied gradual spin reorientation process at higher temperatures
[1-3,13,14]. Further work on this phenomenon was suggested, to understand the principles and
reasons for that jump. Study of these materials is of interest to the development of spintronic
materials, where the electron spin is utilized instead of its charge as a means of information
encoding.
In this work, we study the magnetic moment of ErFeO3 and NdFeO3 single crystal samples in
the vicinity of the spin-flip temperature. We focused on the irreversibility of the spin-flip
process. The accurate measurements of M (T) could help to understand the characteristics of
the magnetic exchange interaction between iron and rare-earth spins. We confirmed there is
strong coupling between Fe3+ and R3+ which is not perturbed by a whole system rotation in the
spin-flip region.

Experimental work:
The measurements were performed on two single crystals, ErFeO3 and NdFeO3 with the
weights 0.264 g and 0.3733 g, respectively. The temperature range of measurements was 300 –
5 K with different applied magnetic fields. Our single crystals were grown using the fourmirror optical floating-zone furnace (FZ-T-10000-H-VI-P-SH, Crystal System Corp.) by Prof.
Shixun Cao’s group at Shanghai University, China[17,18]. A mixture of 99.99 % pure powders
of R2O3 and Fe2O3 (99.99%) was used in the stoichiometric ratio. The powders were initially
sintered at 1100 °C, then crushed and ground. Further sintering at 1350 °C resulted in
polycrystalline seed–rods. These rods were used for single crystal growth in a floating zone
furnace. The furnace had four ellipsoidal mirrors, with four 1.0 kW halogen lamps as the heat
sources. The rotation of the feed and seed shafts was in the opposite direction. The crystals were
grown in flowing air in the vertical direction, from bottom to the top. The melting zone
travelling rate was in the range of 2.5 – 7.5 mm/h. The single crystal samples in this study were
examined by X-ray Laue photography, to ascertain the crystallinity and crystallographic
orientations. The back–reflections of Laue XRD patterns confirmed the orthorhombically
distorted perovskite structure with Pbnm symmetry for the single crystal samples
The magnetic measurements were implemented using the vibrating sample magnetometer
(VSM) option of a Physical Property Measurement System (PPMS–9, Quantum Design). The
frequency of VSM vibration was 40 Hz and amplitude 2 mm. The measurements of the

temperature dependence of magnetic moment, M(T), were conducted with the field–cooled–
cooling procedure (FCC).
Results and discussion
Figure 1. shows the hysteresis loops for ErFeO3 and the NdFeO3 samples, measured along the
a- and c-axes. The measurements were performed in different ranges of temperatures through
the spin reorientation temperature range, SRT.

Figure 1. Magnetic hysteresis loops. (1) ErFeO3: (a) measured along the crystalline a–axis,
(b) measured along the crystalline c–axis. (2) NdFeO3: (c) measured along the crystalline a–
axis, (d) measured along the crystalline c–axis.

The data indicates that the magnetic behaviour of the two samples is similar. The following
conclusions can be drawn: (a) Above the SRT for ErFeO3 and NdFeO3, the magnetic moment
along the a-axis, Ma, displays reversible straight lines going through the origin with equivalent
temperature-independent slopes, while it has a rectangular shape when hysteresis loops are
measured along the c-axis for both samples; (b) Below the SRT, the shape of the hysteresis
loops is rectangular along the a-axis, but in the form of straight lines along the c-axis; (c) in the
SRT region, the magnetization curves are S-shaped. These measurements of hysteresis loops
are consistent with the conclusions of previous reports and can be described with theoretical
models [14,16,19-21]. The domain wall jumps are shown in the M(H) curves by abrupt changes
of magnetization, which represent extrinsic properties of the crystals [14,21]. Their effects on
M(T) can be avoided by measuring at high enough fields, at which M(H) is reversible, and there
are no jumps in the hysteresis loops. Because of that, all M(T) measurements were performed
in the high–field, reversible regime, to avoid extrinsic effects on the measurements (i.e. effects
of crystal defects). Typically, applied field H > 100 Oe was needed in M(T) measurements to
avoid domain wall jumps at all temperatures.
In RFeO3 studied here, Fe3+ spins are ordered antiferromagnetically, with an additional tilt that
gives a net ferromagnetic moment along crystalline c-axis at room temperature. Rare earth ions

Figure 2. Temperature dependence of magnetic moment measured along crystalline a-axis:
(a) M-T curve for ErFeO3 single crystal, (b) M-T curve for NdFeO3 single crystal.

are not ordered but are polarized by the ordered iron ions. Polarized R3+ ions have in average a
small net magnetic moment (M) in the direction opposite to the net magnetic moment of Fe3+.
Decreasing the temperature (T), the whole magnetic system undergoes a spontaneous spin
reorientation of the net magnetic moment from c- to a-axis in the temperature range of 88-100
K for ErFeO3 and 104-167 K for NdFeO3.
As the rare earth ions are polarized in the opposite direction to the net moment of Fe3+ ions, the
overall sample moment along a-axis starts to decrease below the spin reorientation transition.
With further cooling in the magnetic field along the a-axis for both samples, Fig.2 (a) and (b),
the polarization of the rare earth spin becomes stronger, while the net moment of Fe3+ does not
change much. When the magnetic moment of R3+ and Fe3+ are equal in the absolute values and
opposite in the directions, the total magnetization will be zero. That happens at temperature
named the compensation temperature Tc. For the fields shown in Fig. 2, the field-dependent Tc
is around 44.12 K for ErFeO3, and around 6.83 K for NdFeO3.

Figure 3. The magnetic moment differentiated vs temperature for both samples, (a)
dM/dT for ErFeO3 single crystal (b) dM/dT for NdFeO3 single crystal.

With further cooling, the R3+ moment will become larger than for Fe3+, giving a net magnetic
moment opposite to the external field (i.e. negative). The spin-flip occurs when the interaction
energy between the net magnetic moment of RFeO3 system and external field overcomes the
magnetic anisotropy energy. As a result of that, the magnetic moment of whole sample changes

into the opposite direction, to be parallel to the external field, at the jump temperature Tj. Below
Tj, magnetic moment of Fe3+ is in the opposite direction to external field and magnetic moment
of R3+ is in the direction of external field. Magnetic domains are not expected in the measured
fields. The degree of rare earth spin polarization could change as the whole spin system is
rotated, as this spin polarization is partly in a metastable state. Indeed, magnetic moment of R3+
was shown to change during the more gradual spin reorientation process [14,22]. The
metastability is observed through magnetic decay and irreversibility effects in the magnetic
moment when cycling the temperature, field or time as shown in Fig. 4.

Figure 4. Time-dependence of the magnetic moment for ErFeO3 single
crystal at constant temperature and field of 100 Oe.

The change in the spin polarization state of R3+ is then expected to result in a subtle anomaly
in M vs. T. Further, the spins could tilt slightly away from the easy axis of anisotropy on the
approach to Tj from above, because of the increasingly large net magnetic moment of R3+ that
is in the opposite direction to the field. To see in more detail if there is any magnetic anomaly
near Tj, dM/dT vs. T was plotted in Fig. 3 (a) and (b) for both ErFeO3 and NdFeO3 respectively.
Adding the plot of -dM/dT vs. T reveals if dM/dT vs. T follows the same form below and above
Tj. Our results in Fig. 3 show no change in dM/dT on crossing Tj, revealing no anomaly
expected from the irreversibility effects.

This result is surprising, as the net magnetic moment of R3+ changes in the spin-flip, resulting
in the absolute value of its net magnetic moment just above Tj to be smaller than just below Tj
(Fig. 2). Similar happens in the spin reorientation process at higher temperatures [14,22].
However, Fig. 3 shows the temperature dependence of the net magnetic moment is not affected
by the spin-flip process. Therefore, the same polarization process of R3+ by the ordered Fe3+
occurs above and below Tj.

Summary
Our measurements show that the temperature dependence of magnetic moment for both ErFeO3
and NdFeO3 is not affected by the spin-flip process. This is despite the fact that the rare earth
spins, polarized by iron, are in a metastable state that results in slight magnetic decay of the
total magnetic moment. The absolute value of magnetic moment changes in the spin-flip
process, but not its temperature dependence. This indicates the mechanism of polarization of
R3+ by Fe3+ ions is robust enough to withstand the spin-flip process and the effects that lead to
magnetic decay and irreversibilities of the R3+ system.
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